a CC-NB-LRR gene identified in Brassica juncea, confers resistance to white rust 36 caused by Albugo candida 37
Introduction 61
White rust, caused by an oomycete pathogen Albugo candida (Pers.) Kuntze is a serious 62 disease of economically important Brassica species. A. candida is an obligate biotrophic 63 parasite and rated amongst the top ten oomycete pathogens based on its scientific and 64 economic importance (Kamoun et al., 2015) . White rust has been reported to cause3 significant yield losses in B. juncea  anywhere from 20% to 60% in India, Australia and 66
Canada (Rimmer et al., 2000; Kaur et al., 2008; Awasthi et al., 2012) . The impact of the 67 disease is highest in the Indian subcontinent as mustard is grown in more than five million 68 hectares of land. Almost all the released lines grown commercially in India are susceptible to 69 the disease (Li et al., 2008; Panjabi-Massand et al., 2010; Awasthi et al., 2012) The incidence 70 of white rust is more pronounced after the rains -as a consequence, yield gains occurring 71 from additional moisture under the dryland agronomic conditions are lost due to high 72 incidence of the disease. 73
White rust disease is characterized by the formation of white to cream-colored zoosporangial 74 pustules on all the aerial parts of the plants such as cotyledons, leaves, stems and 75 inflorescences (Saharan et al., 2014) . Systemic spread of the pathogen from an early infection 76 of the vegetative parts to the inflorescence causes hypertrophy of the floral tissues resulting 77 in the formation of staghead galls that produce little or no seed (Verma and Petrie, 1980; 78 Meena et al., 2014) . The disease can be controlled with fungicides (Meena and Jain 2002) ; 79 however, the use of chemicals, besides being ecologically undesirable increases the input 80 costs in mustard cultivation adversely affecting incomes of the small and marginal farmers. 81
Exploitation of the host-plant resistance would be the most efficient, environment-friendly 82 and cost-effective method of controlling white rust disease. 83
Several efforts have been made for the identification of loci in Brassica species conferring 84 resistance to different races of A. candida. Such loci have been mapped in B. rapa (Kole et 85 al., 1996 (Kole et 85 al., , 2002 , B. napus (Ferreira et al., 1995) and B. juncea (Cheung et al., 1998; 86 Mukherjee et al., 2001; Panjabi-Massand et al., 2010) . However, none of the mapping studies 87 in Brassicas have been taken forward to characterize the genes involved with resistance to 88 white rust. To date, only two R genes, RAC1 and WRR4 conferring resistance to A. candida 89 have been identified and cloned from the model crucifer species Arabidopsis thaliana 90 (Borhan et al., 2004 (Borhan et al., , 2008 . Both these genes belong to the TIR-NB-LRR subfamily. WRR4 91 gene was introduced into B. juncea line Cutlass, an east European gene pool line susceptible 92 to A. candida isolate used in the study, by genetic transformation and was found to confer 93 significant levels of resistance (Borhan et al., 2010) . 94
In a previous study, two independent loci conferring resistance to race 2 of A. candida 95 (isolate AcB1) were mapped in two east European B. juncea gene pool lines, Heera and 96 Donskaja-IV using two F 1 DH mapping populations  VH (Varuna x Heera) and TD (TM-4 97
x Donskaja-IV), Varuna and TM-4 being the susceptible Indian gene pool lines (Panjabi-98 6 from the BRAD database (Cheng et al., 2011) . BAC clones giving amplifications with all the 163 three markers were sequenced on a PacBio RSII instrument based on single-molecule real-164 time (SMRT) technology followed by assembly of the reads using a hierarchical genome 165 assembly process (Amplicon Express, USA). 166 BAC sequences were annotated for ORFs using Augustus (Stanke et al., 2004) , a web server 167 for gene prediction in eukaryotes. ORFs were screened for conserved domains using NCBI 168 Batch CD-Search (Marchler-Bauer and Bryant, 2004; Marchler-Bauer et al., 2011) . The 169 domains of BjuWRR1 protein were also predicted using an online tool  InterPro (Finn et al., 170 2017) and COILS (ExPASy Bioinformatics Resource portal). The conserved motifs of the 171 NB domain, described by Meyers et al. (2003) , were identified manually. Molecular weight 172 and isoelectric point of the protein was computed by Compute pI/MW online (ExPASy 173
Bioinformatics Resource portal, https://web.expasy.org/compute_pi/). 174
Vector construction and genetic transformation of B. juncea 175
PCR amplification of the candidate gene using BAC clone as a template was carried out with 176 Q5 High-Fidelity DNA Polymerase (New England Biolabs, USA). The amplified product 177 was cloned into a modified binary vector pCGMCP22 (Arumugam et al., 2007) containing 178 bar gene conferring resistance to phosphinothricin (PPT) as a selectable marker between the 179 loxP sites. The bar gene was driven by the CaMV35S promoter with an AMV leader 180 sequence (Jobling and Gehrke, 1987) and ocspA as the terminator. The modified vector was 181 digested with restriction enzymes HindIII and PstI (New England Biolabs, USA) and 182 amplified product was cloned using In-Fusion HD Cloning Kit (Clontech, USA) followed by 183 sequencing on a 3730 DNA Analyzer (Applied Biosystems, USA). 184
The binary vector containing the cloned gene was transferred into disarmed Agrobacterium 185 tumefaciens strain GV3101 by electroporation. Genetic transformation of B. juncea line 186
Varuna was carried out using hypocotyl explants following a protocol described by Mehra et 187 al. (2000) . Positive transformants were selected in vitro on a medium containing PPT at a 188 concentration of 10 mg L -1 . For segregation analysis of the progeny of the T 0 transgenics for 189 resistance and susceptibility to PPT, a concentration of 200 mg L -1 was used in the field. 190
For Southern blot analysis, genomic DNA was isolated from well-expanded leaves collected 191 from the field grown transgenic lines (T 0 ) following the protocol of Rogers and Bendich 192 (1994) To obtain cDNA sequence, RT-PCR was carried out using total RNA isolated from one-216 week-old cotyledons of Donskaja-IV. The first strand cDNA was synthesized as described 217 above and was used as a template for PCR reaction using Phusion High-Fidelity DNA 218
Polymerase (Thermo Fisher Scientific, USA) with a gene-specific primer pair. The PCR 219 product was cloned in the pGEM-T-Easy vector (Promega, USA) and sequenced on a 3730 220 DNA Analyzer (Applied Biosystems, USA). Sequence of the syntenous region in line Heera was obtained by screening a genomic DNA 224 BAC library of the line reported earlier . Identified BAC clone was 225 sequenced by the procedure reported for the Donskaja-IV BAC. Sequence of line Varuna was 226 obtained from a SMRT based genomic assembly (unpublished data). Sequences present in 227 Cutlass, Skorospieka, Kranti, B. nigra (Sangam) and the B genome of B. juncea (Donskaja-228 IV) were obtained from Illumina short-read sequencing of the genomes of these lines 229 (unpublished data); sequence of Tumida was downloaded from the BRAD database (Wang et 230 al., 2015) . Sequence information of other members of the Brassicaceae family were obtained 231 from the BRAD database. Multiple sequence alignment of the alleles was done with 232
ClustalW using MegAlign software (DNASTAR, USA). 233
Results 234

Testing of A. candida isolates on a differential set 235
A. candida isolates  AcP1, AcM1, AcS1, AcH1, AcB1 and AcA1 collected from different 236 regions of north India were evaluated for their infectivity on a set of differentials consisting 237 of six lines of B. juncea (AABB), four of B. rapa (AA) and two of B. nigra (BB) ( Table 1) . 238
The NILs, containing the locus AcB1-A5.1, developed in four susceptible Indian B. juncea 239 lines  Varuna, Pusa bold, Pusa jai kisan and Rohini were also tested for their response 240 against these isolates. Disease response was recorded in four classes: R (resistant), MR 241 (moderately resistant), MS (moderately susceptible) and S (susceptible) as described in the 242 materials and methods section. The infection results showed variations in the disease 243 response to the collected isolates on the tested lines except for the isolates AcP1 and AcS1 244 which showed similar disease response. This analysis suggested that apart from the isolates 245
AcP1 and AcS1, all the other collected isolates differ from each other in their effector 246 sequences and/or effector profile. Donskaja-IV and Cutlass were the only lines completely 247 resistant to all the tested isolates and would, therefore, serve as vital sources for resistance 248 gene(s) that can be deployed for complete resistance. The AcB1-A5.1 NILs in all the varietal 249 backgrounds that are otherwise highly susceptible, showed complete resistance  similar to 250 that present in the donor parent Donskaja-IV making this locus interesting for further genetic 251 dissection and molecular characterization. 252
Identification of candidate gene(s) in AcB1-A5.1 locus of Donskaja-IV 253
The white rust resistance-conferring locus, AcB1-A5.1, identified in Donskaja-IV was 254 characterized by screening Donskaja-IV BAC library using PCR-based marker  At2g36360 255 tightly linked to the resistant trait and the flanking markers  At2g36480 and At2g36310. 256
Two BAC clones 7B and 12E of sizes 152.1 kb and 186.1 kb, respectively, were identified 257 and sequenced. As the sequence information of both the BACs was similar, only the clone 7B 258 was characterized further. Twenty-eight protein encoding sequences were predicted in the 259 genomic sequence of the identified BAC (Fig. 1 ). An analysis of the conserved protein 260 domains in the twenty-eight ORFs (Supplementary Table S3 ), revealed the presence of eight 261
ORFs (ORF1, ORF4, ORF7, ORF20, ORF22, ORF23, ORF24 and ORF26) encoding for 262
Homeobox, CBS, WRC, QLQ, CC-NB-LRR, Kelch, protein kinase, and A20/AN1-like Zinc 263 finger domain-containing proteins that could be involved in conferring resistance to 264 pathogens (Coego et al., 2005; Wang et al., 2005; Liu et al., 2008; Hewezi et al., 2012; Liu et 265 al., 2014 b; Tyagi et al., 2014; Zuo et al., 2015; Ma et al., 2015; Mou et al., 2015; 266 Omidbakhshfard et al., 2015; Wang et al., 2017) . Since a majority of the cloned R genes till 267 date belong to the NB-LRR class (Kourelis and van der Hoorn, 2018), among the eight 268 potential genes for conferring resistance, ORF22 encoding a CC-NB-LRR domain-containing 269 protein as predicted by the online tool Interpro was considered to be the most likely candidate 270 for conferring resistance to white rust in Donskaja-IV. We named the CC-NB-LRR encoding 271 gene -BjuA5.WRR.a1 following the standardized gene nomenclature suggested for the 272 Brassica genus by Ostergaard and King (2008) . However, we will hereafter refer to the gene 273 as BjuWRR1 -as it is the first gene to be cloned from B. juncea that confers resistance to 274 white rust. 275
Validation of BjuWRR1 as white rust resistance-conferring gene by genetic 276 transformation 277
To validate the role of the candidate gene BjuWRR1 in conferring white rust resistance, 278 genetic transformation experiments were carried out. BjuWRR1 was amplified from the BAC 279 clone 7B. PCR primers were designed (BjuWRR1inf, Supplementary Table S2) from the 280 regions 1.5 kb upstream of the start codon and 0.9 kb downstream of the stop codon of 281
BjuWRR1 so as to encompass the gene's native promoter and terminator sequences. Using 282 BAC DNA as the template, a 7.7 kb genomic DNA fragment was amplified and cloned in the 283 pCGMCP22-bar(lox) binary vector. The vector ( Supplementary Fig. S1 ) was used to 284 transform a highly susceptible line of B. juncea, Varuna (Table 1) belonging to the Indian 285 gene pool of B. juncea. Twenty-eight independent transgenic lines were screened for single 286 copy insertions of the bar and BjuWRR1 genes by performing Southern hybridizations with 287 the probes developed using primer pairs DIG-bar and DIG-BjuWRR1 (Supplementary Table  288 S2). The position from where the probes were designed for Southern hybridization and 289
EcoR1 sites within the T-DNA are shown in the Supplementary Fig. S2 . The number of 290 copies inserted in the transgenic lines varied (Supplementary Table S4 ). Transgenic lines 291
BjuWRR1-2 and BjuWRR1-3 that contained the single copy insertion of the T-DNA 292 containing both the bar and BjuWRR1 gene cassettes, were used for further analysis. These 293 two lines also showed a 3:1 segregation ratio for resistance and susceptibility to PPT in the 294 progeny of the T 0 plants (Supplementary Table S5) . 295
Infection assays were carried out using A. candida isolate AcB1(earlier used for mapping the 296 locus) on the T 1 segregants of BjuWRR1-2 and BjuWRR1-3 transgenic lines. The 297 untransformed Varuna line which served as the control was highly susceptible, whereas the 298 T 1 of the two transgenic lines segregated for complete resistance (as in Donskaja-IV) or 299 susceptibility (as in Varuna). Segregation for resistance and susceptibility to white rust 300 disease in T 1 generation was confirmed by performing PCR, using bar specific (Bar, 301 
Supplementary
Response of transgenic lines to multiple A. candida isolates 307
Infection experiments on Donskaja-IV and NILs for locus AcB1-A5.1 had revealed that all 308 the susceptible lines containing locus AcB1-A5.1 were completely resistant to a diverse set of 309 A. candida isolates (Table 1) . We checked the extent of white rust resistance achieved by the 310 BjuWRR1 gene alone in the transgenic events BjuWRR1-2 and BjuWRR1-3 to all the 311 isolates. Infection assays were performed on T 1 segregants of the transgenic lines. Complete 312 resistance co-segregated with the presence of the BjuWRR1 transgene. The results showed 313 that BjuWRR1 conferred complete resistance against all the isolates in both the transgenic 314 lines as was the case in the donor parent, Donskaja-IV (Table 1 ). This confirmed BjuWRR1 as 315 the key gene in the AcB1-A5.1 locus that is involved with conferring white rust resistance. 316
Characterization of BjuWRR1 317
The cDNA of BjuWRR1 was cloned from the resistant B. juncea variety Donskaja-IV using 318 gene-specific primer pair (BjuWRR1seq, Supplementary Table S2). A comparison of the 319 genomic and cDNA sequences of BjuWRR1 gene showed a 2739 bp coding region (Fig. 3A ) 320 that encoded a polypeptide of 912 amino acid residues with an estimated molecular weight of 321 105.6 kDa and a theoretical isoelectric point (pI) of 7.8. Analysis of the protein sequences 322
showed that BjuWRR1 encoded a protein that contained canonical CC, NB and LRR domains. 323
Further, several conserved motifs present in the NB domain reported by Meyers et al. (2003) 324 that include P-loop (residues 183 to 201), RNBS-A (residues 206 to 234), Kinase 2 (residues 325 261 to 271), RNBS-B (residues 287 to 301), RNBS-C (residues 312 to 329), GLPL (residues 326 350 to 365), RNBS-D (residues 418 to 446) and MHDV (residues 486 to 500) could be 327 identified by manual inspection (Fig. 3B) . Thus, the R gene BjuWRR1 encoded a typical CC-328
NB-LRR protein. 329
Expression analysis of BjuWRR1 330
To determine whether expression of BjuWRR1 in Donskaja-IV varied in response to a 331 challenge with the pathogen, we evaluated the expression of BjuWRR1 at different time 332 points post-inoculation with A. candida isolate AcB1 using qRT-PCR. A primer pair (RT-333 BjuWRR1, Supplementary Table S2) specific to BjuWRR1 was designed from the intron-334 spanning exons (positions of the primers are shown in Fig. 4A ). The BjuWRR1 expression 335 was detected both before and after inoculation, indicating that this gene is constitutively 336 expressed. The relative expression of the gene in the infected seedlings with the mock-337 inoculated seedlings of Donskaja-IV at different time points showed no significant change in 338 the expression of the gene indicating that the levels of the mRNA that were present pre-339 infection were sufficient for providing resistance to the white rust disease (Fig. 4B) . Supplementary Fig. S3 ), three types of alleles were found in the analyzed lines. IV_BjuWRR1 and V/H/S/K/T_BjuWRR1 outnumber the synonymous substitutions (Fig. 6) . 365
Evolution of BjuWRR1 across species 366
BjuWRR1 is present in the least fractionated (LF) J-block on linkage group A05 of Donskaja-367 IV. We scanned the syntenic regions of the sequenced species of Brassicaceae family  B. 368
rapa, B. nigra, B. oleracea, B. napus, B. juncea, A. thaliana, A. arabicum, A. lyrata, Capsella 369 rubella, C. sativa, Sisymbrium irio, Thellungiella halophile and T. salsuginea. For finding 370
BjuWRR1 orthologues in different species we focused on the syntenic regions containing the 371 genes encoding for 1, 4-alpha-glucan branching enzyme (At2g36390), kelch repeat-372 containing protein (At2g36360) and a protein kinase (At2g36350) that flank the BjuWRR1 373 gene in Donskaja-IV. Details of the species used in the analysis, source of the sequences, 374 description of the flanking genes and BjuWRR1 orthologues have been described in the 375 Supplementary Table S6 . Three major haplotypes were observed at the BjuWRR1 locus based 376 on the presence/absence and copy number variation of the CNL type genes at this locus (Fig.  377   7 ). An absence of a CNL type gene was classified as haplotype H1 and was characteristic of 378 . thaliana, A. arabicum, A. lyrata, C. rubella, C. sativa, S. irio BjuWRR1 gene is specific to LF and is not present, even as a remnant, in the MF1 and MF2 386 subgenomes. 387
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To gain a better insight into the BjuWRR1 orthologues in the AcB1-A5.1 region of the 388 species with H2 and H3 haplotypes, all the predicted R-genes in the syntenic regions were 389 manually inspected and classified as full-length ORFs encoding CNL proteins or 390 pseudogenes. Of the 12 orthologues that were identified, four were truncated either at 5 or at 391 3 termini leading to absence of the CC, NB and/or LRR domains. In the absence of 392 functional data for these genes, it cannot be inferred with certainty whether these are 393 pseudogenes or are functional genes. 394
Development of allele-specific marker for Donskaja-IV_BjuWRR1 395
The genomic sequence of Donskaja-IV_BjuWRR1 showed that exon 2 shared significant 396 similarity with the corresponding region of Varuna_BjuWRR1, but not much similarity was 397 found in the intron 2 region. A common forward primer, F-DV from exon 2 and specific 398 reverse primers R-D for Donskaja-IV and R-V for Varuna from the intron 2 region were 399 designed (Fig. 8A) . Using the three primers, a 761-bp fragment was amplified from Varuna 400 while a 366-bp fragment was amplified from Donskaja-IV. These primers were tested on 401 different Indian B. juncea lines namely -TM-4, Kranti, Pusa bold, Pusa jai kisan, Rohini, 402
RH30 and Rajat and gave an amplification similar to that in Varuna. 403
To further validate the usefulness of the developed marker in marker-assisted selection 404 (MAS), the individuals of the TD population previously used in mapping the white rust 405 resistance locus were genotyped. The reported phenotypic data (Panjabi-Massand et al., 406 2010) obtained by performing infection assays were compared with the genotypic data and 407 the genotype was found to co-segregate with the phenotype (Fig. 8B) . This marker can, Toll-like/interleukin-1 receptors) or a CC (coiled-coil) domain at the N-terminus 423 (Michelmore et al., 2013; Lee and Yeom, 2015) . 424
In this study, we have identified BjuWRR1, a constitutively expressing R gene that encodes a 425 CC-NB-LRR domain-containing protein, and provided a functional characterization of the 426 gene and shown conclusively the involvement of this gene in conferring complete resistance 427 to white rust in B. juncea line Donskaja-IV. R genes belonging to CNL class have been found 428 to confer resistance to many pathogens in different crops and model species  RPS2, Rpm1 429 in Arabidopsis confer resistance against different pathovars of the bacterium, Pseudomonas 430 syringae (Bent et al., 1994; Mindrinos et al., 1994; Grant et al., 1995) ,Yr10 in wheat against 431 fungus Puccinia striiformis (Liu et al., 2014 a) and Pi64 in Rice against fungus Magnaporthe 432 oryzae (Ma et al., 2015) . CNL type R genes conferring resistance to oomycete pathogens 433 have also been described  RPP7 in Arabidopsis to Hyaloperonospora arabidopsidis 434 (Eulgem et al., 2007) and R3a (Huang et al., 2005) and R3b (Li et al., 2011) 
in Potato against 435
Phytophthora infestans. However, to date, no CNL type gene conferring resistance to the 436 oomycete pathogen A. candida has been reported. 437
The BjuWRR1 gene from Donskaja-IV shows complete resistance to various isolates of A. 438 candida as is evident from the analysis of transgenic lines developed using this gene in 439 susceptible B. juncea line Varuna. BjuWRR1, therefore, has immense potential for developing 440 B. juncea lines with complete and broad-spectrum white rust resistance. It would be 441 interesting to assess the extent of resistance achieved by BjuWRR1 against different races and 442 isolates of A. candida collected from mustard growing regions other than India. The white 443 rust resistance-conferring locus, AcB1-A5.1 harboring BjuWRR1 has been introgressed into 444 some of the extensively grown susceptible lines of the Indian gene pool of B. juncea namely, 445
Varuna, Pusa bold, Pusa jai kisan and Rohini. These lines are ready to be released for 446 cultivation. The locus can be further diversified into new lines and hybrids using the allele-447 specific molecular marker reported in this study. 448
Resistance conferred by the R gene against pathogens tend to break down. Therefore, more R 449 genes will be required for long-term management of the white rust disease. One of the 450 approaches to increase the durability of the resistance is to exploit the naturally occurring 451 allelic variants and orthologues of a well-characterized R gene. Such an approach of allele 452 typical CNL gene. Functional testing of these orthologues may lead to the identification of 486 additional white rust resistance-conferring genes with either same or distinct resistance 487
spectrum. 488
We conclude that the R gene BjuWRR1 provides complete white rust resistance to all the 489 tested A. candida isolates. This makes it an excellent resource for developing lines and 490 hybrids resistant to the disease for the Indian subcontinent and sets the stage for a more 491 methodical approach to managing white rust disease by studying the interaction between the 492 allelic variants and orthologues of BjuWRR1 from diverse Brassica germplasm with the Avr 493 diversity present in the divergent isolates of A. candida. 494 Table S1 . List of germplasm used in the study. 502 Table S2 . List of primers used in various experiments. 503 Table S3 . Conserved domains predicted in the ORFs present in Donskaja-IV BAC containing 504 the white rust resistance conferring locus AcB1-A5.1. 505 Table S4 . Number of copies of the bar and BjuWRR1 genes in different transgenic lines. 506 Table S5 . Segregation for phosphinothricin resistance amongst progeny of the transgenic 507 lines BjuWRR1-2 and BjuWRR1-3. 508 Table S6 . Details of the genomes analyzed for BjuWRR1 orthologues, the genes flanking the 509 BjuWRR1 orthologues and ID of the predicted CC-NB-LRR orthologues. 510
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* Disease scoring is represented by four classes: R, resistant (scores 0 and 1); MR, moderately resistant (score 3); MS, moderately susceptible (score 5) and S, susceptible (scores 7 and 9).
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